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as.2013.0Abstract The adsorption of textile dyes such as Direct Red 75 and Direct Red 80 onto calcined
bone was studied for their removal from aqueous solutions. The adsorption of Direct Red 75
and Direct Red 80 occurred by studying the effects of adsorbent amount, dye concentration, con-
tact time, pH media and temperature. The adsorption rate data were analyzed using the intrapar-
ticle diffusion model, pseudo ﬁrst order and the pseudo second order kinetic models to determine
adsorption rate constants. The isotherms of adsorption data were analyzed by various adsorption
isotherm models such as Langmuir, Freundlich and Tempkin. All results found concluded that cal-
cined bone could be effectively employed as an effective new low cost adsorbent for the removal of
textile dyes from aqueous solutions.
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3.0021. Introduction
Environmental compliance requirements have become increas-
ingly difﬁcult to attain in both wastewater discharge and chem-
ical handling. Dyes are widely used in industries such as
textiles, leather, paper, and plastics to color their ﬁnal prod-
ucts. Wastewater containing even a small amount of dyes
can severely affect the aquatic life due to the reduction of light
penetration and their toxicity (Mamdouh and El-Geundi,
1991). Many dyes and color efﬂuents are toxic and have carcin-
ogenic and mutagenic effects that inﬂuence environment and
also human. Dye removal from wastewater efﬂuent is a major
environmental problem because of the difﬁculty of treatingier B.V. All rights reserved.
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Figure 1 Chemical structure of textile dyes.
52 M. El Haddad et al.such streams by conventional physical, chemical, physico-
chemical and biological treatment methods. Many physical
and chemical treatment methods including adsorption, coagu-
lation, precipitation, ﬁltration, electrodialysis, membrane sep-
aration and oxidation have been used for the treatment of
dye-containing efﬂuents (Morais et al., 1999; Chiou and Li,
2002).
Color removal from efﬂuents polluted with dyes of textile
industries has been considered a challenge due to the difﬁculty
of treating such wastewaters by conventional methods. The
efﬂuents of the manufacturing and textile industries are dis-
carded into rivers and lakes, changing their biological life.
Adsorption process is one of the most effective and economi-
cally feasible methods for the removal of dyes from aqueous
solutions.
The high cost of activated carbon sometimes makes its use
limited. So many researchers have tried to search for alterna-
tive materials, which are relatively inexpensive, and at the same
time with reasonable adsorptive efﬁciency. The use of clean
methods of low priced and biodegradable adsorbents could
be a good tool to minimize the environmental impact caused
by textile efﬂuents. Currently, because of their low cost and
easy access, adsorption processes have been studied. This is
the favorable technique for treatments of textile efﬂuents. Dif-
ferent methods using low cost adsorbents for dye removal have
been developed successfully. Various techniques such as
adsorption (Arami et al., 2005, 2006), nanophotocatalysis
(Mahmoodi et al., 2005, 2006, 2007), electrochemical (Fernan-
des et al., 2004), membrane processes (Akbari et al., 2002) have
been used for the removal of organics as well as inorganics
from research of the recent years mainly focused on utilizing
natural materials as alternatives to activated carbon. The
non degradable nature of dyes and their stability toward light
and oxidizing agents complicate the selection of a suitable
method for their removal. In comparison to the removal meth-
ods of colors, it has been well established that adsorption is the
most convenient and effective technique to remove color from
wastewater (Ravikumar et al., 2007). Adsorption is considered
to be relatively superior to other techniques because of its low
cost, simplicity of design, high efﬁciency, availability and abil-
ity to separate wide range of chemical compounds (Kannan
and Sundaram, Ho, 2001; Meshko et al., 2001). It is considered
that one of the major challenges faced with adsorption by acti-
vated carbon is its cost effectiveness. So, the research of the re-
cent years mainly focused on utilizing natural materials as
alternatives to activated carbon (Annadurai et al., 2002;
EL-Geundi, 1997; Mall et al., 2005). Several natural
adsorbents such as peat (Ho and McKay, 1998), banana peel
(Annadurai et al., 2002), orange peel (Sivaraj et al., 2001),
eucalyptus bark (Morais et al., 1999), Citrus waste biomass
(Asgher and Bhatti, 2012), rice husk (Safa and Bhatti, 2011),
barley husk (Haq et al., 2011), Citrus sinensis bagasse (Bhatti
et al., 2012) and gasse pith (Chen et al., 2001) are some of the
waste materials which have been tried for this purpose.
Recently, we have used the animal bone meal to remove Basic
Red 12 from aqueous solutions (El Haddad et al., 2012).
The present study was intended to remove Direct Red 75
and Direct Red 80 dyes from aqueous solutions using naturally
prepared calcined bones as a new low cost adsorbent. The ef-
fect of various parameters like, adsorbent amount, dye concen-
tration, contact time, pH, temperature, kinetics, equilibrium
and thermodynamic studies was investigated.2. Materials and methods
Animal Bones were collected from nearby butcher shops. All
of the attached meat and fat were removed and cleaned from
the bones. The bones were then washed several times with
tap water and left in open air for several days to get rid of
odors. Later, they were transferred to oven at 80 C for drying.
The dried bones were crushed and milled into different particle
sizes in the range of 45–200 lm then calcined for 2 h at 800 C.
The residue was washed with water and was used after drying
for 24 h at 80 C. The residue was washed with water and was
dried overnight at 100 C in a conventional drying oven, and
then calcined at a heating rate of 2 C/min to 400 C and kept
at this temperature for 4 h until obtention of constant weight.
The resulting material was denominated as calcined bones
(CB).
Direct Red 75 (DR75) and Direct Red 80 (DR80) were cho-
sen as organic anionic dyes in this study. The chemical struc-
ture of dyes DR75 and DR80 is shown in Fig. 1. Colored
solutions were prepared by dissolving requisite quantity of
each dye in distilled water. The ﬁnal volume prepared was
500 mL. Adsorption studies for the evaluation of CB adsor-
bent for the removal of DR75 and DR80 dyes from aqueous
solutions were carried out in triplicate using a batch contact
adsorption method. Adsorption experiments were carried out
with an initial concentration of 100 mg/L, amount of CB
1.2 g/L, pH from 2 to 12 and temperature from 25 C to
70 C. The pH was adjusted to a given value by the addition
of 1 mol/L of HCl or NaOH and was measured using a Basic
20+ model pH-meter. All dye solutions prepared were ﬁltered
by Millipore membrane type 0.45 lm HA, and the concentra-
tions of dyes were determined from its UV–Vis absorbance
characteristic with the calibration method. A BioMate 6,
UV/Visible spectrophotometer was used. Identiﬁcation of CB
was carried out by X-ray diffraction (Philips X’Pert PRO)
and IR spectroscopy (spectrometer Bruker-Tensor 27).
The point of zero charge (pHpzc) of the adsorbent was
determined by adding 20 mL of 5.102 mol/L NaCl to several
50 mL cylindrical high-density polystyrene ﬂasks (height
117 mm and diameter 30 mm). A range of initial pH (pHi)
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Figure 2 Effect of adsorbent amounts on dye removal by CB (a)
DR (b) DR
Removal of two textile dyes from aqueous solutions onto calcined bones 53values of the NaCl solutions were adjusted from 2 to 10 by
adding 101 mol/L of HCl and NaOH. The total volume of
the solution in each ﬂask was brought to exactly 30 mL by fur-
ther addition of 5.102 mol/L NaCL solution. The pHi values
of the solutions were then accurately noted and 50 mg of each
adsorbent was added to each ﬂask, which was securely capped
immediately. The suspensions were shaken in a shaker at
298 K and allowed to equilibrate for 48 h. The suspensions
were then centrifuged at 3600 rpm for 10 min and the ﬁnal
pH (pHf) values of the supernatant liquid were recorded.
The value of pHpzc is the point where the curve of DpH
(pHf–pHi) versus pHi crosses the line equal to zero (Calvete
et al., 2009). The surface analysis was carried out with a volu-
metric adsorption analyzer, ASAP 2020, from Micromeritrics,
at 77 K (boiling point of nitrogen). The samples were pre-
treated at 473 K for 24 h under a nitrogen atmosphere in order
to eliminate the moisture adsorbed on the solid sample surface
and obtaining a constant weight. After, the samples were sub-
mitted to 298 K in vacuum, reaching the residual pressure of
104 Pa (Calvete et al., 2010).
3. Results and discussion
3.1. Characterization of CB adsorbent
Elemental analysis of ABM shows a high yield of Ca (49.62%)
and P (42.36%) with a (Ca/P) ratio equal to 1.17. Small
amounts of Si (3.88%), Mg (1.32%), Na (0.77%), Al
(0.35%), Fe (0.24%), Cl (0.24%), S (0.11%), K (0.07%), Sr
(0.03%), Cu (0,03%) and Zn (0.02%) are found. An FTIR
spectrum was carried out by encapsulation 0.5 mg of ﬁnely
powder with 400 mg of KBr to get translucent disk. Carbonate
is the most abundant substitution in bone mineral and accord-
ing to its crystal position, carbonate apatite is designated as
type A (OH) or type B (PO34 ), the latter being the most fre-
quent bone (Best et al., 2008 and Landi et al., 2003). It is rec-
ognized that hydroxyapatite is derived from natural bone
(Tadic and Epple, 2004; Figueiredo et al., 2009). FTIR spec-
trum of CB shows the characteristic bands of hydroxyapatite
(571, 603, 962 (shoulder), 1047, and 1091 (shoulder) cm1
due to phosphate vibrations and collagen (C‚O stretching
vibration at 1635 cm1, N–H in plane bending at 1458 cm1,
C–H and N–H stretching modes in 3000–3571 cm1 region)
(Mkukuma et al., 2004; Paschalis et al., 1997; Rehman and
Bonﬁeld, 1997). Additionally, the typical bands of carbonate
substituting for phosphate site (type B) in the apatite lattice
are also observed: band at 874 cm1 and double bands at
1385/1445 cm1 (Murugan et al., 2006; Haberko et al.,
2006). The diffractogram of CB shows only the characteristic
pattern of hydroxyapatite. These results conﬁrm that the
amorphous organic component was removed after calcinations
as found in the literature (Figueiredo et al., 2010). For 2h be-
tween 25 and 45, the main lattice reﬂections originate peaks
at 25, 28.1, 32.8, 33.7, 34.5, and 39.7 being respectively
assigned to the (002), (102), (210), (211), (112), and (300)
Miller plans of hydroxyapatite (Figueiredo et al., 2010). The
speciﬁc surface area of CB was determined by BET method
from adsorption–desorption isotherm of nitrogen at its liquid
temperature 77 K and was found to be Sp = 85 m
2/g. We have
already used this support as catalyst for the organic compound
synthesis (Riadi et al., 2010, 2011; Mamouni et al., 2010).3.2. Effect of CB adsorbent weight on dye removal
The study of CB adsorbent mass for the removal of DR75 and
DR80 dyes from aqueous solutions was carried out using CB
adsorbent mass ranging from 0.6 g to 1.6 g. The effect of CB
mass on adsorbed amount of each adsorbed was investigated
by contacting 200 mL of dye solution with an initial concentra-
tion of 50 mg/L using jar test at room temperature 25 C at ini-
tial pH solutions for 60 min. Different amounts of CB (0.6, 0.8,
1, 1.2, and 1.6 g) in 200 mL for both solution dyes DR75 and
DR80 were applied. After equilibrium, the samples were centri-
fuged and the concentration in the supernatant dye solution
was analyzed. The plots of dye removal percentage versus time
at different adsorbent amounts are shown in Fig. 2. Increases
in the percentage of the dye removal versus the increasing time
and adsorbent amounts could be attributed to increases in the
adsorbent surface areas, increasing the number of adsorption
sites available for adsorption, as already reported in several
papers (Cardoso et al., 2011; Deniz and Karaman, 2011 and
Safa and Bhatti, 2011). Adsorption increases from 61% to
89% through 5 min to 60 min for DR75 and from 56% to
84% through 5 min to 60 min for DR80. We note that DR75
and DR80 have the same behavior versus CB.
3.3. Effect of dye concentration on dye removal by CB
A speciﬁc weight of CB adsorbent (1 g) with 50 mL of DR75
and DR80 dyes solutions was kept constant for the batch
experiments. Initial DR75 and DR80 solutions of 25, 50, 75,
and 100 mg/L were performed at 25 C on a magnetic stirrer75 80.
54 M. El Haddad et al.operated at 250 rpm for 1 h. Results of this study are shown in
Fig. 3. It can be seen that the removal of dye initially increases
with the increase of the concentration achieving the maximum
removal of 50% at 25 mg/L and of 80% for 100 mg/L for
DR80 and about 45% of removal dye at 25 mg/L and of
80% for 100 mg/L for DR75. This greater initial adsorption
with higher initial dye concentrations might be explained by
the active site availability of the adsorbent. Opposite results
are shown using removal dye on another adsorbent (Mah-
moodi et al., 2011).
3.4. Effect of pH
One of the main variables affecting the adsorption process is
pH, inﬂuencing not only the surface charge of adsorbent, the
degree of ionization of the material present in the solution
and the dissociation of functional groups on the active sites
of the adsorbent, but also the solution dye chemistry. In this
fact, pH must control the adsorption of dyes onto suspended
particles, because both adsorbed molecules and adsorbent par-
ticles may have functional groups which are affected by the
concentration of H+ ions in the solution and which are in-
volved in the molecular adsorption process at the active sites
of adsorbent. Firstly, the results of blank dye solution studies
indicate that the change of the initial pH 2–12 of dye solution
has a negligible effect on the kmax of DR75 and DR80 dyes. This
observation proves that any chemical structural change of dye
molecules is not occurred at pH 2–12. The maximum absor-
bance wavelength kmax (nm) of DR75 and DR80 at different0 
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Figure 3 Effect of dye concentration on dye removal by CB (a)
DR75 (b) DR80.pH values is shown in Table 1. The pH of the zero charge of
the CB is determined to be 8.4, for pH values higher than
8.4, the surface of the CB becomes negatively charged and this
is opposite for pH < 8.4.
From Fig. 4, it can be seen that the amount of dye adsorbed
on the CB is high for pH between 3 and 8.4, which indicates
that the positive form of CB is responsible for adsorption in
this range. For basic pH, the decrease of the amount of ad-
sorbed dye molecules is prevented by the repulsive electrostatic
forces existing between the negative charged surface of CB and
Ph-SO3 groups of the dye predominant in this range of pH.
The removal dye % uptake decreased from 87% at pH 2%
to 29% at pH 12 for DR75 and from 84% at pH 2% to 24%
at pH 12 for DR80. The decrease of the amount of adsorption
below pH 3 can be due to the ionization of the amine and
amide groups of the dye with H+, which leads the molecules
of the dye to be positively charged. The repulsive electrostatic
forces of dye molecules positively charged with the positively
charged surface of the adsorbent increase. Consequently,
adsorption decreases.
3.5. Effect of temperature
The temperature has two major effects on the adsorption pro-
cess. Increasing the temperature is known to increase the rate
of diffusion of the adsorbed molecules across the external
boundary layer and the internal pores of the adsorbent parti-
cles, owing to the decrease in the viscosity of the solution. In
addition, changing temperature will change the equilibriumTable 1 Effect of pH on the maximum absorbance wave-
length kmax (nm) of DR75 and DR80.
pH kmax (nm)
DR75 DR80
2 521 541
4 521 531
6 522 528
8 522 532
10 521 532
12 521 537
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Figure 4 Effect of pH on dye removal by CB.
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Figure 5 Effect of temperature on the kinetics of adsorption of
DR75 and DR80 onto CB.
Removal of two textile dyes from aqueous solutions onto calcined bones 55capacity of the adsorbent for a particular adsorbate. Fig. 5
shows the results of experiments carried out at different solu-
tion temperatures. The removal of DR75 increases from
22.31 mg/g to 24.23 mg/g and for DR80 from 20.95 mg/g to
23.89 mg/g by increasing the temperature of the solution from
20 C to 50 C, indicating that the process to be endothermic.
This kind of temperature dependence of the amount of the dye
adsorbed may be due to a possible mechanism of interaction
between the sulfonyl groups of dyes and the cationic sites of
CB where such a reaction could be favored at higher
temperatures.
3.6. Adsorption kinetics
Several models can be used to express the mechanism of ana-
lyte adsorption onto adsorbent. In order to describe a fat and
effective model, investigations were made on adsorption rate.
For the examination of the controlling mechanisms of adsorp-
tion process, such as chemical reaction, diffusion model con-
trol and mass transfer, several kinetic models are used to test
the experimental data (Weber and Morris, 1963; Lagergren,
1898; Ho, 2001).
To explore the possibility of intraparticle diffusion resis-
tance affecting adsorption, it was necessary to use intraparticle
diffusion model as (Weber and Morris, 1963):
qt ¼ kpt
1
2 þ I ð1Þ
where qt, kp and I are amount of dye adsorbent (mg/g) at time
t (mn), the intraparticle diffusion model rate constant
(mg/g mn1/2) and the intercept, respectively. Values of I give
an idea about the thickness of the boundary layer. Accordingto this model, the plot of uptake should be linear if intraparti-
cle diffusion is involved in the adsorption process and if these
lines pass through the origin then intraparticle diffusion is
the rate controlling step (Weber and Morris, 1963). When
the plots do not pass through the origin, this is indicative of
some degree of boundary layer control. This further shows that
the intraparticle diffusion is not the only rate limiting step, but
also other kinetic models may control the rate of adsorption.
Pseudo-ﬁrst order equation is generally represented as fol-
lows (Lagergren, 1898):
dqt
dt
¼ k1ðqe  qtÞ ð2Þ
where qe and k1 are the amount of dye adsorbed at equilibrium
(mg/g) and the equilibrium rate constant of pseudo-ﬁrst order
kinetics (mn1), respectively. After integration by applying
conditions, qt = 0 at t= 0 and qt = qt at t= t, then Eq. (2)
becomes:
logðqe  qtÞ ¼ log qe 
k1
2:303
t ð3Þ
Data were applied to be the pseudo-second order kinetic
which is expressed as:
dqt
dt
¼ k2ðqe  qtÞ2 ð4Þ
where k2 is the equilibrium rate constant of pseudo-second or-
der (g/mg mn). On integrating the Eqs. (4) and (5) is obtained.
t
qt
¼ 1
k2q2e
þ 1
qe
t ð5Þ
To understand the applicability of the model linear plots
of t/qt versus t at different dye concentration values (25, 50,
75, and 100 mg/L) for the adsorption of dyes onto CB, we
have plotted the graph of t/Qt versus t at differents concen-
trations and the results are shown in Fig. 6. The values of
kp, I, R
2
I (correlation coefﬁcient for intraparticle diffusion
model), k1, k2, R
2
F (correlation coefﬁcient for pseudo-ﬁrst or-
der adsorption kinetics) and R2S (correlation coefﬁcient for
pseudo-second order adsorption kinetics) were calculated
and shown in Table 2. Adsorption kinetic data of dyes
showed that the rates of adsorption followed pseudo-second
order kinetics.
3.7. Adsorption isotherms
Equilibrium adsorption isotherm data were analyzed accord-
ing to the Langmuir, Freundlich, and Tempkin models. The
Langmuir equation is suitable to describe the adsorptive
behavior of homogeneous surfaces. The Langmuir adsorption
model is established on the following hypotheses: uniformly
energetic adsorption sites, monolayer coverage, and no lateral
interaction between adsorbed molecules. A mathematical
expression of Langmuir can be written as (Langmuir, 1918):
qe ¼
Q0KLCe
1þ KLCe ð6Þ
where qe (mg/g) is the adsorbed amount at equilibrium, Ce is
the equilibrium concentration of the adsorbate (mg/L), KL is
Langmuir equilibrium constant (L/mg) and Q0 the maximum
adsorption capacity (mg/g). The linear form of Langmuir
equation is:
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Figure 6 Pseudo-second order adsorption kinetics of dyes on CB
(a) DR75, (b) DR80.
56 M. El Haddad et al.Ce
qe
¼ 1
KLQ0
þ Ce
Q0
ð7Þ
The essential characteristic of Langmuir isotherm can be
expressed by the dimensionless constant called equilibrium
parameter, RL, deﬁned by:
RL ¼ 1
1þ KLC0 ð8Þ
where C0 is the initial dye concentration (mg/L). RL values
indicate the type of isotherm to be irreversible (RL = 0), favor-
able (0 < RL< 1), and unfavorable (RL> 1) (Mahmoodi
and Arami, 2008).
The Freundlich isotherm endorses the heterogeneity of the
surface and assumes that the adsorption occurs at sites withTable 2 Adsorption isotherm constants of DR75 and DR80 dyes on
Dye Concentration (mg/L) (qe)exp Intraparticle diﬀusion model
kp
DR75
25 23.07 4.53
50 42.45 7.07
75 54.47 8.82
100 65.78 9.93
DR80
25 21.56 2.74
50 40.32 6.65
75 49.83 7.78
100 63.78 8.86different energies of adsorption. The energy of adsorption var-
ies as a function of the surface coverage (Freundlich, 1906). A
mathematical expression of Freundlich isotherm was as
follows:
qe ¼ KFC1=ne ð9Þ
where KF (L/mg) is Freundlich constant and n is the heteroge-
neity factor. The KF value is related to the adsorption capacity;
while the 1/n value is related to the adsorption intensity.
1/n values indicate the type of isotherm to be irreversible
(1/n= 0), favorable (0 < 1/n< 1), unfavorable (1/n> 1)
(Mahmoodi and Arami, 2008). Eq. (9) can be rearranged to
linear form:
log qe ¼ logKF þ
1
n
logCe ð10Þ
Tempkin isotherm contains a factor that explicitly takes into
account the adsorbing species adsorbent interactions. The
Tempkin equation is given as (Tempkin and Pyzhev, 1940;
Kim et al. 2004):
qe ¼
RT
bLnðKTCeÞ ð11Þ
This can be linearized as:
qe ¼ B1LnKT þ B1LnCe ð12Þ
where:
B1 ¼ RT
b
ð13Þ
Tempkin equation assumes that the heat of adsorption of all
the molecules in the layer decreases linearly with coverage
due to adsorbent–adsorbate interactions and the adsorption
is characteristic by a uniform distribution of binding energies,
up to some maximum energy (Tempkin and Pyzhev, 1940;
Kim et al. 2004). A plot of qe versus ln Ce enables the determi-
nation of the isotherm constants B1 and KT from the slope and
the intercept, respectively. KT is the equilibrium binding con-
stant (L/mol) corresponding to the maximum binding energy
and constant B1 is related to the heat of adsorption. The Q0,
KL, RL, R
2
L (correlation coefﬁcient for Langmuir isotherm),
KF, n, R
2
F (correlation coefﬁcient for Freundlich isotherm),
KT, B1, and R
2
T (correlation coefﬁcient for Tempkin isotherm)
are given in Table 3. The results indicated that isotherm data
of DR75 followed Langmuir isotherm and isotherm data of
DR80 followed Freundlich isotherm models.to CB.
Pseudo-ﬁrst order Pseudo-second order
I R2I (qe)cal. k1 R
2
F (qe)cal. k2 R
2
S
6.67 0.67 09.12 0.25 0.49 24.07 0.04 0.99
13.23 0.74 22.56 0.31 0.65 45.76 0.02 0.98
13.34 0.81 39.54 0.34 0.89 61.56 0.01 0.99
13.45 0.87 45.76 0.35 0.92 86.78 0.01 0.99
6.06 0.64 12.54 0.95 0.94 19.67 0.05 0.99
12.95 0.69 18.79 0.64 0.95 37.45 0.03 0.99
13.04 0.73 22.78 0.62 0.95 42.78 0.02 0.99
13.17 0.76 36.76 0.56 0.93 58.65 0.02 0.99
Table 3 Isotherm constants for dye adsorption at different temperatures onto CB.
Temperature (C) Langmuir isotherm model Freundlich isotherm model Tempkin isotherm model
Q0 KL RL R
2
L KF n R
2
F KT B1 R
2
T
DR75
20 24.56 0.23 0.07 0.999 19.56 3.56 0.996 3.67 12.05 0.945
30 24.31 0.27 0.06 0.999 20.47 3.78 0.992 4.63 12.38 0.976
40 23.78 0.25 0.06 0.999 22.78 3.90 0.993 7.78 11.12 0.976
50 21.54 0.26 0.05 0.999 25.76 4.12 0.884 10.96 10.98 0.980
DR80
20 22.54 0.13 0.13 0.992 7.93 2.45 0.999 1.65 7.67 0.943
30 21.89 0.15 0.11 0.994 8.74 2.67 0.999 1.97 7.48 0.956
40 21.65 0.17 0.10 0.995 9.67 2.87 0.999 2.65 7.23 0.945
50 20.32 0.19 0.08 0.992 10.67 2.91 0.999 3.17 7.09 0.934
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The thermodynamic data reﬂects the feasibility and favorabil-
ity of the adsorption. The parameters such as free energy
change DG0, enthalpy change DH0 and entropy change DS0
can be estimated by the change of equilibrium constants
with temperature. The free energy change of the adsorption
reaction is given by: DG0 ¼ RTLnKCwhere DG0 is the free
energy change (kj/mol), R is the universal gas constant
(8.314 J/mol K), T is the absolute temperature K and KC states
the equilibrium constant (qe/Ce). The values of DH
0 and DS0
can be calculated from the Van’t Hoff equation (Ozcan
et al., 2006):
LnKC ¼ DH
0
RT
þ DS
0
R
ð14Þ
When KC is plotted against 1/T, a straight line with slope
DH0/R and intercept DS0/R are found. The calculated ther-
modynamic parameters are depicted in Table 4. In this study,
DG0 values were determined as 3.58 and 6.41 kJ/mol at
30 C for DR75 and DR80 respectively. The negative values
of DG0 suggest that the adsorption of DR75 and DR80 onto
CB is a highly favorable process. DH0 values were obtained
as 12.35 and 6.45 kJ/mol for DR75 and DR80 respectively.
DS0 values were obtained as 52.56 and 42.45 J/mol K for
DR75 and DR80 respectively. The positive values of DH
0 show
that the adsorption is endothermic process while positive DS0
values reﬂect the increasing randomness at the solid/solutionTable 4 Thermodynamic parameters of dye adsorption onto
CB.
Temperature (C) Thermodynamic parameters
DG0 (kJ/mol) DH0 (kJ/mol) DS0 (J/mol K)
DR75
20 3.31 12.35 52.56
30 3.58
40 4.10
50 4.63
DR80
20 6.20
30 6.41 6.45 42.45
40 6.83
50 7.26interface during the adsorption. The change in free energy
for physical and chemical reactions is between 20 and
0 kJ/mol and 80 and 400 kJ/mol respectively (Ozcan
et al., 2006). The values of DG0 in Table 4 are within
20 and 0 kJ/mol indicating that the physical reaction is the
dominating mechanism.
4. Conclusion
The results indicated that CB is a promising new low cost
adsorbent for removal of direct dyes DR75 and DR80 from
aqueous solutions. The kinetic studies of dyes on CB indicated
that the adsorption kinetics of dyes on CB followed the pseu-
do-second order at different dye concentration values. The
equilibrium data have been analyzed. The results showed that
the DR75 followed Langmuir isotherm and DR80 followed
Freundlich isotherm models. Thermodynamic studies indi-
cated that the dye adsorption onto CB was a spontaneous,
endothermic and physical reaction.
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